Abstract. Many new states in the charmonium mass region were recently discovered by BaBar, Belle, CLEO-c, CDF, DØ, BESIII, LHCb and CMS Collaborations. We use the QCD Sum Rule approach to study the possible structure of some of these states.
Introduction
During the last decade several experimental facilities, such as BaBar at SLAC and Belle at KEK, CLEO-III and CLEO-c at CESR, CDF and DØ at Fermilab, BESIII at IHEP and LHCb and CMS at CERN, have increased the available data on new charmonium-like states, called X, Y and Z states. Tables with a list of these states can be found in Refs. [1, 2] . In 2014 there were twenty three of these X, Y, Z states, many not confirmed. They do not seem to have a simple cc structure. Although the masses of these states are above the corresponding thresholds of decays into a pair of open charm mesons, they decay into J/ψ or ψ ′ plus pions, which is unusual for cc states. Besides, their masses and decay modes are not in agreement with the predictions of potential models, which, in general, describe very well cc states. For these reasons they are considered as being good candidates of exotic hadrons. We call exotic states hadrons having other structure than the ordinary mesons and baryons, containing constituent quark-antiquark and three quarks respectively. The idea of unconventional quark structures is quite old and the light scalar mesons were the first candidates for tetraquark exotic states. These states are allowed by the strong interactions, both at the fundamental level and at the effective level, and their absence in the experimentally measured spectrum has always been a mystery.
Among these new charmonium states, the charged ones are definitely exotics, since they can not be simple cc states. The Z + (4430), found by the Belle Collaboration in 2007, was the first observed one [3] [4] [5] . The BaBar Collaboration searched for the Z − (4430) signature in four decay modes and concluded that there is no significant evidence for a signal peak in any of these processes [6] . However, a few years ago Belle and LHCb collaborations have confirmed the Z + (4430) observation and have determined the preferred assignment of the quantum numbers to be J P = 1 + [5, 7] . The LHCb Collaboration also did the first attempt to demonstrate the resonant behavior of the Z + (4430) state [7] . They have performed a fit in which the Breit-Wigner amplitude was replaced by a combination of independent complex amplitudes at six equally spaced points in m ψ(2S )π range covering the Z + (4430) peak region. The resulting Argand diagram is consistent with a rapid phase transition at the peak a e-mail: mnielsen@if.usp.br of the amplitude, just as expected for a resonance. Therefore, the confirmation of the observation of the Z + (4430) by the LHCb Collaboration with the demonstration of its resonant behavior can be considered as the first experimental proof of the existence of the exotic states.
The other very interesting state, which is the most well studied among the new charmonium states, is the X(3872). It was first observed in 2003 by the Belle Collaboration [8, 9] , and has been confirmed by five collaborations: BaBar [10] , CDF [11] [12] [13] , DØ [14] , LHCb [15, 16] and CMS [17] . The LHCb collaboration has determined the X(3872) quantum numbers to be J PC = 1 ++ , with more than 8σ significance [16] . Calculations using constituent quark models give masses for possible charmonium states, with J PC = 1 ++ quantum numbers, which are much bigger than the observed X(3872) mass: 2 3 P 1 (3990) and 3 3 P 1 (4290) [18] . These results, together with the coincidence between the X mass and the [19] , inspired the proposal that the X(3872) could be a molecular (D * 0D0 +D * 0 D 0 ) bound state with a small binding energy [20] . Other interesting possible interpretation of the X(3872), first proposed in Ref. [21] , is that it could be a tetraquark state resulting from the binding of a diquark and an antidiquark. The difference between these two interpretations is only the way that the 4-quarks are organized inside the state. A molecular (D * 0D0 +D * 0 D 0 ) bound state with small binding energy would be bigger than a compact tetraquark state. In any case, there is little doubt in the community that the X(3872) structure is more complex than just a cc state.
In the following we discuss some of these new states using the QCD sum rule (QCDSR) approach.
QCD Sum Rules
The method of the QCDSR, was introduced by Shifman, Vainshtein and Zakharov [22] for the study of the mesons. They demonstrated that, for the determination of the mass of the state using the method, the non-perturbative power corrections are more important than the strong coupling, α s , corrections. The non-perturbative power corrections were introduced through a series expansion of operators. As the dimension of the operators increase, the power of the momentum transfer, Q 2 , in the denominator of the terms also increases, giving a series in 1/Q 2 which can be truncated for large values of Q 2 . The sum rule method was latter extended to baryons by Ioffe [23] and Chung et al. [24] . Since then the QCDSR technique has been applied to study numerous hadronic properties with various flavor content and has been discussed in many reviews [25] [26] [27] [28] [29] [30] emphasizing different aspects of the method. 
The method is based in the evaluation of the correlation function:
in two different ways. At the quark level in terms of quark and gluon fields, and at the hadronic level by introducing hadron parameters. In Eq. (1) j(x) is a current which has the quantum numbers of the hadron we want to study.
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In what follows we present some results of the QCDSR calculations on the X, Y, Z states presented in Table 1 . We assume these states to have a more complicated structure than simple quark-antiquark states. For more details we refer the reader to our recent reviews on the subject [29, 30] .
3 X, Y and Z states
X(3872)
As discussed in Sec. 1, the X(3872) was the first observed non-conventional charmonium, i.e., it has a mass significantly smaller than the one predicted by the standard quark model with these quantum numbers, which are J PC = 1 ++ [16] . Moreover, the X decays with comparable strength into J/ψ plus two and J/ψ plus three pions [19] , showing a strong isospin violation which is not compatible with a c −c state. Finally, this state has a decay width of less than 1.2 MeV [19] , which is too small to be easily accounted for.
If we assume the X to be described by a J PC = 1 ++ four-quark current either in a diquarkantidiquark configuration:
or in a molecular DD * configuration:
we find that it is possible to describe its mass [35, 36] , but it is not possible to describe its width [37] . The mass obtained using the current in Eq. (2) was M X = (3.92 ± 0.13) GeV [35] . In the case of the current in Eq. (3), the result for the mass obtained in Ref. [36] was M X = (3.87 ± 0.07) GeV, both in good agreement with the experimental mass. However, the decay width obtained in Ref. [37] for the decay mode X → J/ψππ was Γ X→J/ψππ = (50 ± 15) MeV, much bigger than the experimental upper limit. Therefore, from a QCDSR calculation it is not possible to explain the small width of the X(3872) if it is a pure four-quark state. In Ref. [38] the X(3872) was treated as a mixture of a cc state with a four-quark state:
with j
µ (x) given in Eq. (2) or Eq. (3) and
The necessity of mixing a cc component with a molecule was already pointed out in some works [39] [40] [41] [42] . In particular, in Ref. [43] , a simulation of the production of a bound D 0D * 0 state with binding energy as small as 0.25 MeV, obtained a cross section of about two orders of magnitude smaller than the prompt production cross section of the X(3872) observed by the CDF Collaboration. The authors of Ref. [43] concluded that S -wave resonant scattering is unlikely to allow the formation of a loosely bound D 0D * 0 molecule in high energy hadron collision. On the other hand, the CDF data on X(3872) production were well explained in [44] where the authors assumed that it is a mixture with a two-quark (χ ′ c1 ) and a four-quark (DD * ) component. From the results presented in Ref. [38] one can conclude that it is possible to reproduce the experimental mass of the X(3872) for a wide range of mixing angles, α, but, as observed in [38] , it is not so easy to reproduce the experimental decay width. In Ref. [38] it was shown that with a mixing angle α = 9 0 ± 4 0 in Eq. (4) it is possible to describe the experimental mass of the X(3872) with a decay width of Γ(X → J/ψ (nπ)) = (9.3 ± 6.9) MeV, which is compatible with the experimental upper limit.
To summarize, we could say that, in a QCDSR calculation, the X(3872) can be well described basically by a cc current with a small, but fundamental, admixture of molecular (DD * ) or tetraquark ([cq] [cq]) components [38] .
Y(4260)
The Y(4260) was first observed by the BaBar collaboration in the e + e − annihilation through initial state radiation [31] , and it was confirmed by the CLEO and Belle collaborations [45] . The Y(4260) was also observed in the [52] , or a J/ψ f 0 (980) molecular state [53] . Therefore, as in the case of the X(3872), in Ref. [54] the Y(4260) was treated as a mixture of a cc state with a four-quark state:
where
and j
Varying the value of the mixing angle in the range θ = (53.0 ± 0.5) 0 it was found [54] that m Y = (4.26 ± 0.13) GeV, which is in a very good agreement with the experimental mass of the Y(4260).
The width of the decay channel Y(4260) → J/ψππ, was also evaluated in Ref. [54] considering the same mixing angle and assuming that the two pions in the final state come from the σ and f 0 (980) scalar mesons. The obtained value for the width is Γ Y→J/ψππ ≈ (4.1 ± 0.6) MeV, which is much smaller than the total experimental width: Γ exp ≈ (95 ± 14) MeV [19] .
To compare the decay width into the J/ψππ channel with the total width we have to consider other possible decay channels. With the mixed current, the main decay channel of the Y(4260) should be into D mesons, mostly due to the charmonium part of the current, but also from the tetraquark part through quark rearrangement. Therefore, the total width of the Y(4260) should be given by the sum of the partial widths of all these channels. Unfortunately, the QCDSR approach does not allow the evaluation of the decay channels involving D mesons, since one can only use the QCDSR approach CONF12 to study properties of the low-lying state. Therefore, the charmonium part of the current can only be used to study the decay of J/ψ.
If one considers the experimental upper limits, from the BaBar [49] and CLEO [55] collaborations, for the branching ratios
where X = DD, DD * and D * D * , one can see that the width obtained in [54] , for the J/ψππ channel, is consistent with the total experimental width of the Y(4260). Therefore, they concluded that it is possibile to explain the Y(4260) exotic state as a mixed charmonium-tetraquark state. [32] , observed almost at the same time by the Belle collaboration [56] , in the M(π ± J/ψ) mass spectrum of the Y(4260) → J/ψπ + π − decay channel. The existence of this structure was promptly confirmed by the authors of Ref. [57] using CLEO-c data.
Assuming S U(2) symmetry, the mass obtained in QCDSR for the Z c coincides with the one obtained for the X(3872). However, the Z c (3900) decay width represents a challenge to theorists. While its mass is very close to the X(3872) mass, which may be considered its isosinglet partner, it has a much larger decay width. Indeed, while the Z c (3900) decay width is in the range 40 − 50 MeV, the X(3872) width is smaller than 1.2 MeV. This difference can be attributed to the fact that the X(3872) may contain a significant |cc component [38] , which is absent in the Z c (3900). As pointed out in Ref. [58] , this would also explain why the Z c has not been observed in B decays.
According to the experimental observations, the Z c (3900) decays into J/ψ π + with a relatively large decay width. This is unexpected for a D * −D molecular state, in which the distance between the D * and theD is large. This decay must involve the exchange of a charmed meson, which is a short range process and hence unlikely to occur in large systems. In Ref. [59] it was shown that, in order to reproduce the measured width, the effective radius must be r e f f ≃ 0.4 fm. This size scale is small and pushes the molecular picture to its limit of validity. In another work [60] , the new state was treated as a charged D * −D molecule and the authors explored its electromagnetic structure, arriving at the conclusion that its charge radius is of the order of r 2 ≃ 0.11 fm 2 . Taking this radius as a measure of the spatial size of the state, we conclude that it is more compact than a J/ψ, for which r 2 ≃ 0.16 fm 2 . In Ref.
[61] the combined results of refs. [59] and [60] were taken as an indication that the Z c is a compact object, which may be better understood as a quark cluster, such as a tetraquark. Moreover, the Z c (3900) was interpreted as the isospin 1 partner of the X(3872), as the charged state predicted in Ref. [21] . Therefore, the quantum numbers for the neutral state in the isospin multiplet were assumed to be I G (J PC ) = 1 + (1 +− ). The interpolating field for Z + c (3900) used in Ref. [61] is given by Eq. (2) with the plus sign changed to a minus sign. The three-point QCDSR was used to evaluate the coupling constants in the vertices Z + decay, the generic decay diagram in terms of quarks has two "petals", one associated with the J/ψ and the other with the π + . Among the possible diagrams, there are two distinct subsets. Diagrams with no gluon exchange between the petals and, therefore, no color exchange between the two final mesons in the decay. If there is no color exchange, the final state containing two color singlets was already present in the initial state. This happens because, although the initial current, Eq. (2), has a non-trivial color structure, it can be rewritten as a sum of molecular type currents with trivial color configuration through a Fierz transformation. To avoid this problem we consider in the OPE side only the diagrams with non-trivial color structure, as the one shown in Here only color-connected diagrams were considered, since the Z c (3900) is expected to be a genuine tetraquark state with a non-trivial color structure. The obtained couplings, with the respective decay widths, are given in Table 2 . A total width of Γ = (63.0 ± 18.1) MeV was found for the Z c (3900), in good agreement with the two experimental values: Γ = (46 ± 22) MeV from BESIII [32] , and Γ = (63 ± 35) MeV from BELLE [56] . From the results in Table 2 it is possible to evaluate the ratio ± invariant mass distribution just about 10 MeV above the threshold. [33] . The authors assume in the paper that the (D * D * ) ± pair is created in a S-wave and then the Z + c (4025) must have J P = 1 + to match, together with the pion, the quantum numbers J P = 1 − of the virtual photon from the e + e − pair. However, they also state that the experiment does not exclude other spin-parity assignments.
Many theoretical papers were devoted to understand these new states. In Ref. [64] , assuming the X(3872) to be a DD * molecule, the authors found a series of new hadronic molecules, including the Z ) . Remarkably, even with uncertainties, these states always appear in the bound region. In refs. [65, 66] , CONF12 using QCDSR and assuming a structure of D * D * , the authors obtained a possible I(J P ) = 1(1 + ) state compatible with the Z + c (4025), but with ∼ 250 MeV uncertainty in the energy. In Ref. [67] , using a tetraquark current and QCDSR, a state with I(J P ) = 1(2 + ) compatible with Z c (4025) was obtained, once again with a large error in the energy of 190 MeV. In Ref. [68] the new Z c states were investigated from a different perspective and, using pion exchange, a D * D * state with I(J P ) = 1(1 + ) compatible with the Z c (4025) was obtained.
A moleculelike picture for Z c (4025) seems to be quite plausible since its mass is merely 8 MeV away from theD * 0 D * + threshold. In Ref. [69] , a study of the D * D * system has also been done within QCD sum rules, using a interpolating current corresponding to theD 
where a, b denote the color indices. The corresponding two-point correlation function is:
The 0 + , 1 + and 2 + components of the correlation function written in Eq. (12) can be obtained by using the following projectors
where ∆ µν is defined in terms of the metric tensor, g µν , and the four momentum q of the correlation function as
In the three cases a state with mass 3950 ± 100 MeV was found [69] . The central value of the mass of these states is more in line with the results of Refs. [70, 71] , although with the error bar, they could as well be related to a resonance. Bumps close to the threshold of a pair of particles should be treated with caution. Sometimes they are identified as new particles, but they can also be a reflection of a resonance below threshold. Further examples of this phenomenon may be found in Ref. [72] , where the theory of D * D * interactions is reviewed and it is pointed out that a (D * D * ) state with a mass above the threshold is very difficult to support. In particular, in Ref. [71] it was found that there is only one bound state of (D * D * ) in I G = 1 − , with quantum numbers J PC = 2 ++ with a mass around 3990 MeV and a width of about 100 MeV. Both mass and width are compatible with the reanalysis of data carried out in [72] . Therefore, we can conclude that such J P = 2 + D * D * bound state provides a natural explanation for the state observed in [33] .
An argument against the existence of a new resonance above the threshold is the fact that if the state were a J P = 1 + produced in S-wave, as assumed in the experimental work, it would easily decay into J/ψπ exchanging a D meson in the t-channel. This is also the decay channel of the Z c (3900), which would then have the same quantum numbers as the state claimed in Ref. [33] . However, while a peak is clearly seen in the J/ψπ invariant mass distribution in the case of the Z c (3900), no trace of a peak is seen around 4025 MeV in spite of using the same reaction and the same e + e − energy.
X + (5568)
This year the D0 Collaboration has announced the observation of a new state in the B 0 s π ± mass spectrum, the X ± (5568) [34] .The X(5568) would be a very important addition to the list of undoubtedly exotic mesons, since its wave function consists of four different flavors: u, b, d and s quarks. However, the LHCb Collaboration has not confirmed the observation of the X(5568) [73] , since in their analysis no structure is found in the B GeV. The announcement of the exotic state X(5568) stimulated the theoretical interest and several theoretical works have been done to investigate the properties of such state. There are studies based on QCDSR, quark models, coupled channel analysis and more general arguments. In some of these studies it was not possible to explain the reported properties of the X(5568) neither as a molecule nor as a tetraquark state [74] [75] [76] [77] [78] [79] . However, in many other calculations it was possible to explain the reported properties [80] [81] [82] [83] [84] [85] [86] [87] .
In Ref. [78] we used a (I)J P = (1) 0 + scalar-diquark scalar-antidiquark tetraquark current for the X + (5568):
where a, b, c, ... are colour indices and C is the charge conjugation matrix. Our study indicates that although it is possible to obtain a stable mass in agreement with the state found by the D0 collaboration, a more restrictive analysis (simultaneous requirement of the OPE convergence and the dominance of the pole on the phenomenological side) leads to a higher mass. In particular, considering condensates up to dimension 8 we get [78] : m X = (6.39 ± 0.10) GeV,
which is not in agreement with the experimental mass of the X(5568) determined by the D0 Collaboration [34] , leading us to conclude that the X(5568) state can not be represented by the scalar tetraquark current. Clearly, more analysis are required to clarify this situation from the experimental side as well as from the theoretical side.
Conclusions
Here we have reported the masses of some of these X, Y and Z states, using the QCDSR approach. In some cases a tetraquark configuration was favored, as for the Z + c (3900), and in some other cases a molecular configuration was favored, like the Z + c (4025). In the case of the X(3872) (and also Y(4260)) we found that it is only possible to explain all the available experimental data if it is a mixed state with charmonium and four-quark components, and in the case of the X + (5568) it was not possible to describe it as a tetraquark state.
The most important message from the experimental program carried out by the BaBar, Belle, CLEO-c, CDF, DØ, BESIII, LHCb and CMS Collaborations is that definitely there is something really new happening in the charmonium spectroscopy. The program started in 2003 with the measurement of the X(3872). There is no doubt in the community that the X(3872) structure is more complex than a simple cc state. However, we can say that the confirmation of the observation of the Z + (4430) by CONF12 the LHCb Collaboration together with the measurements of the Z + c (3900), which was measured by BESIII and confirmed by other groups, reinforced our belief that we are observing multiquark states.
In the next years it is important: i) from the experimental side to determine the quantum numbers of all these states and eliminate the suspicion that some of them could be mere threshold effects and not real particles. ii) from the theoretical side to focus on the calculation of the decay widths in all the different approaches, since, as we have discussed, the masses are easily obtained by different methods and they are not sufficient to discriminate between different theoretical models.
